The displacement of Enterococcus faecalis 1131 from hydrophobic and hydrophilic substrata by isolates of Lactobacillus casei 36 and Streptococcus hyointestinalis KM1 was studied in a parallel plate flow chamber. The experiments were conducted with either 10 mM potassium phosphate buffer or human urine as the suspending fluid, and adhesion and displacement were measured by real-time in situ image analysis. The results showed that E. faecalis 1131 was displaced by lactobacilli (31%) and streptococci (74%) from fluorinated ethylene propylene in buffer and that displacement by lactobacilli was even more effective on a glass substratum in urine (54%). The passage of an air-liquid interface significantly impacted on adhesion, especially when the surface had been challenged with lactobacilli (up to 100% displacement) or streptococci (up to 94% displacement). These results showed that the parallel plate flow system with real-time in situ image analysis was effective for studying bacterial adhesion and that uropathogenic enterococci can be displaced by indigenous bacteria.
The ability of uropathogens to adhere to a uroepithelial cell is an important first step in the development of a urinary tract infection (28) . The primary causative organism of urinary tract infection is Escherichia coli followed by a variety of other organisms, with Enterococcus faecalis being perhaps the most common (13, 21) , depending on the patient population. In urinary tract infection complicated by the insertion of a catheter or stent, bacterial adhesion and subsequent biofilm formation provide the organisms with an effective mechanism to evade host defenses and resist the action of antimicrobial agents (25, 26) . The ability of enterococci to adhere to uroepithelial cells and particularly to prosthetic devices has not been well studied and remains to be determined.
An effective method for studying bacterial adhesion to a substratum is the use of a parallel plate flow chamber and image analyses, as described by Sjollema et al. (31) and extended by Meinders et al. (15) . Such a system allows for the observation of bacterial adhesion and desorption to a substratum through comparison of saved life images, negating any adverse effects of air-liquid interfaces (18) . It has been well documented that the passage of an air-liquid interface over the substratum surface can cause detachment of adhering bacterial cells due to increased shear forces within the system (7) . Conventional adhesion assays often utilize washing and staining steps, which can result in elimination of an unknown number of the adhering bacteria due to high shear forces.
In the healthy individual, lactobacilli are the dominant microorganisms adhering to the urogenital epithelia, and both in vitro and clinical studies have provided evidence to support the role of these bacteria in host resistance against infection (3, 24) . Two proposed protective characteristics of lactobacilli are the ability to displace adherent uropathogens and the ability to competitively exclude adhesion of uropathogens from cells and biomaterials (11, 24, 29) . One possible mechanism by which lactobacilli may interfere with the binding of uropathogens is their production of biosurfactants (27) . Several strains of dairy (5) and human oral (19, 20) streptococci are known to produce a biosurfactant. Streptococcus thermophilus has the ability to produce biosurfactants, causing its own desorption (6), while Streptococcus mitis strains produce biosurfactants which effectively inhibit the adhesion of Streptococcus mutans (20) .
The aim of this study was to examine the ability of a Lactobacillus strain and a Streptococcus strain to displace adhering E. faecalis cells from hydrophobic and hydrophilic substrata in a parallel plate flow chamber. Experiments were carried out with bacteria suspended in 10 mM potassium phosphate buffer or in pooled human urine.
MATERIALS AND METHODS
Bacteria. Three bacterial strains were used in this study. The uropathogen, E. faecalis 1131, was cultured overnight from frozen stock in 10 ml of brain heart infusion broth (Merck). Adhesion protocol. A bacterial suspension, in buffer or pooled human urine, flowed through the system at room temperature. A pulse-free flow was created by hydrostatic pressure, and the suspension was recirculated by using a roller pump which produced a constant shear rate of 15 s-', which was the lowest shear rate that could be achieved in the system and which resembled the shear rate found in the inner surface of a urinary catheter, based on estimated daily urine production and internal catheter diameter. Following a 4.5-h flow with E. faecalis 1131 in either buffer or urine (indicated as t, in Fig.   1 ), suspending fluid without bacteria was added to the system and allowed to flow for 0.5 h (t2) to remove nonadhering bacteria from the tubes and chamber. This was followed by a 3-h flow with either L. casei 36 or S. hycintestinalis KM1 suspended in buffer or urine, or the cell-free suspending fluid. At the end of this 3-h flow, indicated as t3, an image was taken and stored and flow was switched to cell-free suspending fluid, which was drained from the system, allowing the passage of an air-liquid interface over the surface of the substratum. After draining, the cell-free suspending fluid was replaced in the system and a final image was taken. The numbers of adhering bacteria in the predraining and postdraining images were quantified and compared, giving the total number of bacteria that were removed by the passage of the air-liquid interface.
In addition, experiments were undertaken with single bacterial strains suspended in either buffer or urine to determine the initial deposition rate, jo, and the number of adhering bacteria for time intervals of up to 4.5 h. Figure 1 shows the adhesion kinetics of E. faecalis 1131 depositing from urine or 10 mM potassium phosphate buffer to glass or FEP. Flow was switched at t, to a bacterium-free suspension which was kept in the system until the end of the experiment. Surprisingly, it can be seen that during flow with bacterium-free urine a two-to threefold increase in the number of adhering E. faecalis occurred, suggesting that urine caused a detachment of the organisms from the silicone tubings and other parts of the system leading to attachment onto the test surfaces. When flow was with bacterium-free buffer, this phenomenon was not observed and numbers of adhering bacteria remained virtually stable. Control experiments showed that there was no growth of enterococci in urine or buffer under the conditions used for the experiments. Figure  2 shows superimposed, processed images of E. faecalis 1131 adhering at t2 and t3, i.e., after a second flow phase with bacterium-free urine and buffer. Note that in urine the spatial arrangement of adhering bacteria to both glass and FEP has completely changed due to migration and the additional adhesion of bacteria detached from the system. In buffer, however, the spatial arrangement of adhering E. faecalis 1131 is mostly preserved from t2 to t3. Thus, only for bacteria suspended in buffer does the method allow us to determine the number of E. faecalis 1131 cells displaced during flow with lactobacilli and streptococci.
RESULTS
In Fig. 3 , L. casei 36 entered the system after the flow of bacterium-free suspension, and the effects can be seen by comparing the numbers of adhering bacteria at t2 and t3 (a mixed population). Note that for the combination of urine and FEP the increase in number of adhering bacteria from t2 to t3 was low when lactobacilli were present in the urine. When flow was with L. casei 36 in buffer, no significant change in the number of adhering bacteria was observed, although on the basis of the analysis so far, it cannot be ruled out that a percentage of adhering E. faecalis 1131 was displaced by L. casei 36.
The data for S. hyointestinalis KM1 are essentially the same as those presented for L. casei 36. For the combination of urine and FEP, S. hyointestinalis KM1 was able to keep the total number of adhering bacteria low from t2 to t3 compared with bacterium-free urine, but this was not the case for the combination of urine and glass. When bacteria were suspended in buffer, the flow phase with S. hyointestinalis KM1 was accompanied by a twofold increase in the total number of adhering bacteria.
A quantitative summary of the above data is given in Table  1 and was obtained by paired analysis of the results from each experiment relative to the number of adhering bacteria at t1. All data presented are averages of three to four experimental runs with separately grown bacteria, yielding an average standard deviation in the data of around 20%. The estimated number of E. faecalis 1131 cells displaced by the challenge bacteria is presented, and the highest values were obtained with S. hyointestinalis KM1 in buffer from glass (77%) and FEP (74%). L. casei 36 did not displace any E. faecalis 1131 cells from glass in buffer, but it did displace E. faecalis 1131 cells from FEP in buffer and urine and from glass in urine. To calculate these numbers, the following procedure was done: for example, in the urine-glass experiment, there were 10. displaced by the lactobacilli from glass in urine was estimated at 5.6 x 106 cm-2 (i.e., 10.4 -4.8, or 54% displacement). Figure 4 presents the total number of bacteria desorbing from glass or FEP in buffer from t2 to t3. On the basis of times of arrival of the bacteria, E. faecalis 1131 and lactobacilli and streptococci can be distinguished; therefore, the difference in the two curves in each graph represents the number of E. faecalis 1131 cells displaced from the substrata by lactobacilli and streptococci. a At t1, flow was switched from urine or buffer with bacteria to urine or buffer without bacteria; t2 represents the time at which flow was switched to a lactobacillus or streptococcus suspension, and t3 represents the evaluation time at the end of the experiment. b In order to calculate the percent displacement, data were also obtained for the adhesion of L. casei 36 and S. hyointestinalis KM1 alone to the two substrata in the two suspending fluids (shown in Table 2 ).
desorption solely refers to the spontaneous detachment of single adherent strains, the term displacement is used here to indicate the increased desorption of adhering organisms due to the presence of a second strain. It is not considered an absolute necessity that the displacement strain adheres on exactly the same location as the primary strain, but it is envisaged that adsorption of microbial by-products of the displacing strain might also play a role in the process of desorption (17) .
Single-strain experiments. The three strains tested here are all relatively hydrophilic as determined by their water contact angles. The uropathogenic E. faecalis 1131 had a water contact angle of 19°(21a) and was consequently highly adherent, especially to hydrophilic glass compared with hydrophobic FEP, when suspended in buffer and urine ( challenged with cell-free urine, the enterococcus numbers increased, apparently due to detachment from the silicone tubing within the system. This phenomenon did not occur in buffer. The properties of urine that allow it to detach bacteria from one surface and attach it to another have not been identified.
Displacement of adhering E. faecalis by lactobacilli and streptococci was obvious on both substrata in urine and in buffer. In a previous study with tissue cells, it was found that adhesion of enterococci could be inhibited by lactobacilli (14) . Our data do not indicate that lactobacilli were consistently better at displacing adherent E. faecalis cells from inert substrata than streptococci. The mechanisms of displacement are largely unknown, but it is speculated that they may involve biosurfactant production, as suggested for lactobacilli by Reid et al. (27) and Bloomberg et al. (2) , for streptococci by Busscher et al. (4, 5) , and for E. coli and S. epidermidis by Hawthorn and Reid (11) . In addition, the displacement data could not be explained on the basis of the relative hydrophobicities of the bacteria compared with the substrata for buffer and urine.
The final point of note from the study was the demonstration of detachment of adhering bacteria from substrata by an air-liquid interface. Of particular interest was the finding that when the enterococci were challenged with L. casei 36 or S. hyointestinalis KM1 they became more vulnerable to displacement upon exposure to an air-liquid interface. It is not clear if a coaggregation effect, seen in other systems (14) , plays a role in this detachment. Summarizing, this study demonstrated how the parallel plate flow chamber with real-time image analysis techniques can be used to study adhesion of multiple bacterial strains and that both lactobacilli and streptococci are able to displace adhering E. faecalis cells. The use of urine rather than buffer appeared to yield a major complication with regard to both the experiments and the interpretation of the results because urine stimulated detachment of adhering cells from the silicone tubing and migration of 
